implanted, assessment of the overall physical condition of the patients might be of major importance, as it is the case in heart-transplanted (HTx) patients. In this latter patient population, the positive impact obtained by appropriate training and rehabilitation is known (3), with an increased peak oxygen consumption (peak-VO 2 ) being identified as a prognostic factor for survival (3). In the case of patients with an LVAD implanted, the evaluation of the overall physical condition may be more subtle and suitable methods are required. As with other heart failure patients, cardiopulmonary stress tests (4, 5) and 6-minute walk tests (6) are used for this purpose. These methods are also effective in LVAD patients, however they suffer from several limitations. They provide only a partial picture of the patient physical condition at the time of the examination and do not reflect the broad range of conditions that an LVAD patient experiences during pump support. Moreover, LVAD patients suffering from neurological and physical deficits cannot usually undergo cardiopulmonary stress tests. Therefore, the overall estimate of the actual physical performance of the LVAD patient population might be overestimated due to the selection of "good" patients, able to perform such examinations (7) . In addition to this AbsTRAcT Purpose: Exercise capacity is usually evaluated by peak oxygen consumption (peak-VO 2 ). However, assessment of peak-VO 2 in patients with a left ventricular assist device (LVAD) might not be the best method to provide insight into their daily life activity. The aim of this study was to assess the postoperative activity of LVAD patients using actigraphy and to compare these patients to a healthy and a heart-transplanted (HTx) population. Methods: Activity was continuously monitored using wrist-accelerometers in LVAD patients after implantation, during 4 weeks of rehabilitation following hospital discharge, and at 2 follow-up assessments. Peak-VO 2 values measured during rehabilitation were correlated with activity. Additionally, actigraphy data from LVAD recipients were compared with data measured in healthy and HTx subjects. Results: After hospital discharge a significant increase in physical activity of LVAD recipients was observed (55 ± 28 vs. 102 ± 23 Activity Scores, n = 11, p = 0.002). During rehabilitation as well as at the follow-ups (140 ± 43 and 253 ± 33 days post-implantation) no significant increase in activity was observed. Peak-VO 2 values correlated to daily activity both in LVAD and HTx patients (r > 0.5). Average daily activity was significantly lower in LVAD and HTx patients than in the healthy population (130 ± 30 and 148 ± 60 vs. 245 ± 63 Activity Score; n = 18 in each group, p < 0.001). conclusions: Activity in LVAD recipients increased substantially after hospital discharge with no further significant improvement observed during a period of 8.5 months. Similarly to the peak-VO 2 , also the daily activity of LVAD recipients was 53% compared to healthy subjects. These results highlight the need for an optimized physical therapy in this patient cohort.
Introduction
Recently, continuous flow left ventricular assist devices (LVADs) have become the therapy of choice for patients with terminal cardiac insufficiency. Due to the success of these systems, the area of application has changed: in the past they were used as bridge to transplant, now they are also used for a life-time as destination therapy (1) . Therefore, the preservation of the residual native cardiac function as well as the potential cardiac and overall physical recovery come into focus (2) . To improve the treatment of patients with an LVAD potential bias, in LVAD patients it is not clear whether daily life activity correlates to the peak exercise capacity obtained from a cardiopulmonary stress test, as it is the case for heart failure patients (8) .
A continuous, noninvasive, objective and cost-effective monitoring of the overall physical condition of the patient during everyday life activities may provide insights into the treatment, both during cardiac rehabilitation and the daily life of LVAD patients. Such a monitoring can be realized using wristactigraphy (9) (10) (11) (12) . Wrist-actigraphy consists of an accelerometer implemented in a device similar to a wristwatch, which stores daily activity in minute intervals and allows ambulatory activity measurements with minimal impact on the quality of life of the patient. Actigraphy is a method that is gaining acceptance and it has been also used to objectively assess association between pain, activity and sleep quality, circadian rhythms and other patterns (e.g., activity vs. sedentary) in patients (9) (10) (11) (12) (13) (14) .
The aim of this study was to monitor daily life activity of LVAD patients from the early postoperative phase, during rehabilitation after initial hospital discharge and at home after rehabilitation discharge. Peak-VO 2 values as an indicator for exercise capacity were correlated to the daily life activity of LVAD and HTx patients. Additionally, the daily life activity in LVAD recipients was compared to the activity measured in HTx and healthy, matched subjects.
Materials and methods
A prospective, observational study was approved by the institutional ethical review board of the Medical University of Vienna and study participants provided informed signed consent. The study comprised a longitudinal part for the investigation of the daily life activity of LVAD recipients over the postoperative time course. Additionally, a cross-sectional part aimed at the comparison of the daily activity of LVAD recipients to 2 additional groups: patients who underwent cardiac transplantation and healthy subjects. All the study participants were instructed to wear a wrist-accelerometer on the nondominant arm and to keep the device continuously for the required duration without interruption unless any discomfort occurred. For the longitudinal part of the study, the main inclusion criterion was the implantation of a centrifugalflow LVAD (HVAD; HeartWare Inc., Miami Lakes, FL, USA) for left ventricular support only. Patients were excluded if they had a different device implanted or biventricular support, if they could not wear the wrist-accelerometer continuously from study enrollment until the end of rehabilitation that followed hospital discharge (15) , or if they could not participate in the first follow-up assessment. For the cross-sectional part of the study, the main inclusion criterion for both the LVAD and the HTx groups was that surgery occurred at least 12 weeks prior enrollment. Healthy subjects had matched characteristics to the LVAD recipients.
Actigraphy
Actigraphy data were collected using an Actiwatch II (Philips/ Respironics, Murrysville, PA, USA). The Actiwatch II was configured to collect activity in 1-minute intervals. The device acquires activity by measuring the wrist acceleration and calculating a time series of the daily activity pattern using a digital integration algorithm. The measurement units provided by the device are arbitrary and are defined as an Activity Score, which is the result of the digital integration algorithm of the acceleration signal. Data were downloaded using the Actiware software (Philips/Respironics, Murrysville, PA, USA). Further analysis was performed using Matlab (The MathWorks, Natick, MA, USA), in particular daily life activity data were processed using Cosinor analysis (16) . The Cosinor analysis provides a simple, standardized way to investigate circadian activities: in the case of a variable that changes periodically during the course of the day, a cosine wave is usually fitted to the time series. Activity during 24 hours (from 0 to 24 hours) provided by the Actiwatch II represents such a variable. Therefore, a cosine wave was fitted to the data ( Fig. 1 ) and the mean value of daily activity (so-called Mesor: midline estimation statistic of rhythm) and the difference between the peak and the mean value of the fitted cosine (Amplitude) were calculated.
Time course of daily activity in LVAD recipients
LVAD patients received the Actiwatch II after transfer from the intensive care unit to the normal ward. Daily activity was further continuously recorded after hospital discharge during 4 weeks of rehabilitation, which all LVAD recipients undergo in our center (15) . Following rehabilitation, the enrolled patients received the Actiwatch II for 1 week at 2 follow-up assessments approximately 3 and 7 months after hospital discharge (approx. 4.5 and 8.5 months after implantation) to monitor the time course of daily activity in LVAD outpatients. To test whether the mean activity at different time points are equal or not, a 1-way ANOVA (analysis of variance) for repeated measurements with Bonferroni correction was used. 
Comparison of daily activity in LVAD, heart transplanted patients and a healthy population
To compare the daily activity of LVAD recipients to that of HTx patients and to a healthy population, study participants were enrolled in each of the 3 groups. In the LVAD group this included the patients followed longitudinally and, if required, additional ones just monitored for 1 week at about 4.5 months postimplantation (to match the first follow-up in the longitudinal cohort). The HTx patients were chosen among those who had previously a LVAD implanted. Each subject in both groups received the Actiwatch II at least 12 weeks after surgery (pump implant or cardiac transplant). Healthy subjects were selected to match age, gender and BMI of the LVAD patient group. To compare the daily activity of the 3 different populations, the mean value of the Mesor and Amplitude of each patient was calculated for each group and compared using 1-way ANOVA. The Tukey-Kramer post hoc test was then employed to compare all possible pairs of groups and provided correction for multiple testing.
Comparison of peak-VO 2 values and daily activity in LVAD and heart transplanted patients
If patients from the LVAD and HTx groups underwent a cardiopulmonary stress test during cardiac rehabilitation, then the peak-VO 2 values reached during this test were compared to the daily life activity measurements by the wrist-accelerometer. The Pearson correlation coefficient was calculated and regression analysis was performed.
Results
Between July 2012 and August 2013, 60 patients were implanted with a ventricular assist device at the General Hospital of Vienna. Among these, 36 patients had an HVAD implanted for left ventricular support only, 6 had biventricular assistance and 18 received another type of assist device. Among the 36 HVAD patients, 18 were excluded from the study for the following reasons: 7 died within the first 3 months postimplantation, 4 had psychological problems with associated poor compliance, 2 had early occurrence of adverse events, 1 never left the ICU and died at day 149, 1 was transplanted at day 78, 1 had a knee injury that impaired walking, 1 did not undergo rehabilitation, 1 refused to participate to the study. Of the remaining 18 patients, 11 took part in the longitudinal part of the study to investigate the time course of activity in LVAD patients. Among them 1 patient (Patient 4) was transplanted before the second follow-up and 1 patient (Patient 10) had to quit rehabilitation after 3 weeks due to gastrointestinal bleeding and hospital readmission, but could otherwise undergo the first follow-up. Since these 2 patients completed all other study related assessments, they were included in the analysis. The demographics of the 11 patients followed longitudinally are presented in Table I .
Time course of daily activity in LVAD recipients
Mean daily activity increased significantly (55 ± 28 vs. 102 ± 23 Activity Score, p = 0.002) after initial hospital discharge to the first week of rehabilitation, respectively. During the 4 weeks of rehabilitation, daily activity remained almost constant (102 ± 23 vs. 112 ± 34 Activity Score, p = 0.248). At the follow-up assessments, no significant change was observed compared to the activity at discharge from rehabilitation (112 ± 34 vs. 137 ± 35 Activity Score, p = 0.999). Mean daily activity did not change significantly from the first to the second follow-up, indicating a stable daily activity in outpatients (137 ± 35 vs. 148 ± 35 Activity Score, p = 0.999). Nevertheless, a trend toward increasing daily life activity with time could be observed during the study period (in hospital: 55 ± 28 Activity Score, rehabilitation week 4: 112 ± 34 Activity Score, second follow-up: 148 ± 35 Activity Score). Similar results were observed for the Amplitude of the daily activity (Fig. 2) .
Five of the 11 included patients experienced at least 1 adverse event requiring hospital readmission during the study period. These patients showed no significant difference in activity at any of the assessed period compared to those without adverse events, except during the early postoperative period in the hospital (lower in patients without adverse events, 38 ± 15 vs. 75 ± 27 Activity Score, p = 0.02). A regular pattern in the activity over time was seen in 5 out of 6 patients without adverse events in contrast to an irregular activity pattern seen in 4 out of 5 patients suffering from adverse events. After an initial increase of daily activity following hospital discharge, which was seen in both groups, patients without adverse events had a stable activity during rehabilitation. This was followed by a substantial increase after rehabilitation discharge and a stable activity during the two follow-up assessments. In patients suffering from adverse events, more irregular patterns in the time course of daily activity were observed.
Comparison of daily activity in LVAD, heart transplanted patients and a healthy population
There were 18 patients included in the cross-sectional part of the study for each cohort. No statistically significant difference in age, gender or BMI was observed between the 3 groups (Tab. II). The postoperative day at examination (POD) was statistically different in the LVAD and HTx groups due to the rather low number of transplanted patients per year and therefore the inability to match this variable. LVAD patients were monitored for a slightly longer period than the other 2 groups.
Mesor as well as Amplitude of daily activity was lowest in LVAD recipients, reaching 53% of the healthy population. Although the daily activity was higher in HTx patients (60% for Mesor and 65% for the Amplitude compared to the healthy population), no significant difference was observed between the LVAD and HTx population. The healthy population was characterized by a significantly higher daily activity than the LVAD and HTx groups (Tab. II and Fig. 3 ).
Comparison of peak-VO 2 values and daily activity in LVAD and heart-transplanted patients
Fifteen patients from the LVAD group and 13 from the HTx group underwent a cardiopulmonary stress test (at POD 73 ± 26 and 63 ± 41, respectively). Peak-VO 2 was 9.7 ± 2.5 (34.4 ± 7.9% of the expected value) in the LVAD and 10.5 ± 4.9 ml/min/kg (36.7 ± 10.7% of the expected value) in the HTx population. Although the cardiopulmonary stress test and the daily life activity assessments were not performed in the same period, significant correlations were observed between activity and peak-VO 2 (Fig. 4) . The Amplitude of daily life activity indicated a stronger correlation with peak-VO 2 than Mesor (inset in Fig. 4 ). Two out of 3 female patients included had an exceptional high Amplitude of daily life activity but a rather low peak-VO 2 (Fig. 4) . Excluding female patients from the analysis resulted in stronger correlations between peak-VO 2 and daily activity (inset in Fig. 4 ). Regression analysis indicated a slope of 13.9 Activity Score/(ml/min/kg) without female patients and 11.8 Activity Score/(ml/min/kg) for all patients.
Discussion
In the current study, physical activity was objectively measured by wrist-accelerometer in patients receiving an LVAD. The main finding from this study is the improvement of activity quickly after hospital discharge up to a plateau throughout 8.5 months post LVAD implantation. Adverse events make this activity pattern more irregular. A further finding of this study is that the level of activity at the plateau is comparable to activity in patients after a cardiac transplant, but it reaches only the half of the activity measured in healthy control subjects.
Recently, several studies investigated the physical performance of LVAD patients using bicycle spiroergometry to assess the peak-VO 2 (4, 7, 15, 17) . These studies indicated limited exercise capacity of LVAD recipients with a peak-VO 2 in the range of 50% to 60% of age-and gender-matched controls. Notwithstanding the importance of maximal exercise performance tests, these might not be the ideal tool for this patient population (7) and an objective measurement of the daily physical activity could help to better substantiate the patients' perceptions (7) . Furthermore with such tests, the patient activity during the whole postoperative course and particularly in the out-of-hospital setting cannot be assessed. One of the strengths of this study addresses these limitations by the use of an objective measurement method to understand the effect of LVAD implantation on physical activity during the first 8.5 months after surgery. Within this observation window, the impact of rehabilitation or the occurrence of adverse events on a patient's physical activity could be observed.
More recently, a study assessed daily life activity of LVAD, HTx and heart failure patients (18) by using actigraphy in a comparable way to the current study. A similar postoperative pattern of activity as well as an analogous limitation of LVAD patients compared to HTx and healthy subjects was reported. In (18) , however, a different device to measure daily life activity was used. Our study confirms the findings reported in (18) and it shows that an objective measurement of activity can be obtained rather independently on the device used. A limitation of the actigraphy device used in the current study must be however acknowledged: some activities cause more prominent accelerations on the arm (e.g., walking) than others (e.g., biking) and the output of the device will not reflect the correct intensity of activity, especially, if one is interested in values related to energy expenditure. The patients in the HTx group were all chosen among previous LVAD recipients in order to observe how activity of an LVAD recipient changes after cardiac transplantation. It must be mentioned, however, that daily activity of patients who receive heart transplantation without being an LVAD recipient could be different, even though the post-HTx survival is not different when comparing previous LVAD or conventional transplantation patients (19) .
In addition to related findings as reported in (18), the current study presents 3 novel aspects: the daily activity behavior during the structured rehabilitation training program that patients undergo in our center (15) , the influence of adverse events on the time course of daily activity, and the correlation between peak-VO 2 and daily activity.
Activity increases almost 2-fold from the early postoperative period in the hospital to the period after hospital discharge; however, during the 4 weeks of rehabilitation activity, it increased only slightly. Although the constant value during rehabilitation seems odd at the first glance, it might be explained by the activities during rehabilitation scheduled rather evenly during the whole rehabilitation stay. After rehabilitation activity improved, as measured at the 2 followup assessments; however, such improvement did not reach statistical significance compared to daily activity during rehabilitation.
Whether the plateau reached postoperatively was stable or not heavily depended on the occurrence of adverse events. In this study it could be shown, in a limited number of patients, that the occurrence of adverse events is correlated to an instable activity pattern over time. This finding shows how accelerometers might become useful tools for screening, monitoring, feedback, and evaluation purposes for patients (20) , also in consideration of the strong relationship between physical activity and cardiovascular health (11, 21) . However, the small sample size limits the generalizability of the study. Furthermore, daily life activity was not measured continuously but only at given time points for the follow-ups. Therefore, the usefulness of such devices to monitor and even detect an early occurrence of adverse events could not be completely evaluated. Once the presented results are confirmed in a larger patient population, they will provide a valuable tool for a better tailored rehabilitation of LVAD patients.
In line with the findings in heart failure patients (8) , in this study a significant correlation between the peak-VO 2 values assessed during rehabilitation and daily activity measurements in LVAD as well as HTx patients could be identified, especially when only male subjects were included. Due to the small number of female subjects, it remains speculative whether a gender-related difference in the relationship between peak-VO 2 and daily activity in LVAD and HTx patients actually exists. It can be speculated that these differences may be related to the different type of daily life activities in males and females.
conclusions
In this study, an early improvement in activity post LVAD implantation was observed, which however reached a plateau during the observation period of 8.5 months. The level of activity achieved by the LVAD patients was just half the level Fig. 4 -Relationship between peak oxygen consumption (peak-VO 2 ) and the Amplitude of daily activity in the LVAD population (circle and cross symbols) and the heart transplanted (HTx) population (triangle and asterisk symbols). Male and female subjects are denoted by different symbols. The (black line) indicates the linear regression for male patients alone. In the inset the correlation coefficients are shown between peak-VO 2 values and parameters of daily activity for the LVAD population (n = 15), HTx patients (n = 13) and the combination of both groups (n = 28). Correlation tends to be higher in male patients. For the definition of Mesor and Amplitude, please refer to Figure 1. 
